Introduction We evaluated cardiovascular disease (CVD) risk associated with darunavir treatment and examined the demographic/clinical characteristics of darunavir users based on data from Janssen-sponsored clinical trials, post-marketing pharmacovigilance databases, and administrative claims databases. Methods First, selected CVD events [myocardial infarction, stroke, sudden death, invasive cardiovascular procedures (coronary artery angioplasty or bypass, or carotid endarterectomy)] were analyzed in 19 Janssen-sponsored phase 2-4 studies (incidence rates estimated from pooled data; 95% confidence intervals derived from Poisson distribution). Second, analyses were conducted to identify spontaneously reported CVD events in post-marketing pharmacovigilance databases and evaluate disproportional reporting of CVD events for darunavir (using Empirical Bayesian Geometric Mean scores). Third, baseline demographic/clinical characteristics of human immunodeficiency virus-1 (HIV-1)-infected patients in general and new users of darunavir and atazanavir were explored using three US administrative claims databases. Results Among 19 Janssen-sponsored clinical trials (treatment durations ≤ 6 years), the CVD event rate (95% CI) per 1000 person-years (pooled population; n = 5713) was 6.15 (2.91-11.89), and was lower for patients who used once-daily darunavir/ ritonavir 800/100 mg [0.71 (0.16-3.05); n = 1326] versus twice-daily darunavir/ritonavir 600/100 mg [9.21 (4.94-16.04); n = 3058]. Trend analysis of post-marketing pharmacovigilance data showed that cumulative CVD event reporting rates for darunavir users (any dose) generally declined over time. Spontaneously reported CVD events were not disproportionately reported with darunavir versus other protease inhibitors. Compared with the general HIV-1-infected population and atazanavir users, higher proportions of darunavir users were male, older, and had comorbidities associated with CVD risk based on results from US administrative claims databases. Conclusions This comprehensive review of Janssen-sponsored clinical trial, post-marketing, and epidemiological data does not suggest that CVD should be considered an important risk for users of darunavir.
Introduction
Cardiovascular disease (CVD) is a leading cause of death in the USA and worldwide [1, 2] and individuals with human immunodeficiency virus (HIV)-1 infection are at increased risk of CVD [2] [3] [4] [5] . As HIV-1-infected patients age, they are more likely than their non-infected peers to develop comorbidities such as hypertension, diabetes, dyslipidemia, and renal dysfunction [3, 5, 6] . There are multiple factors that can increase the risk of CVD in people living with HIV-1, including the HIV-1 infection itself as well as conventional CVD risk factors (e.g., tobacco use, alcohol consumption, other substance abuse, hypercholesterolemia, hypertension, elevated blood glucose, aging, male gender) [7, 8] . In HIV-1-infected individuals, continued use of antiretroviral therapy has been associated with decreased risk of fatal or nonfatal CVD events compared with episodic antiretroviral therapy (based on CD4+ cell count), although a more recent study suggests a complex relationship between antiretroviral therapy and CVD risk [9, 10] . In the case of protease inhibitors (PIs), the use of older PIs has been associated with an increased risk of CVD-related events due to these drugs causing metabolic abnormalities such as dyslipidemia and insulin resistance; however, newer PIs have demonstrated improved CVD risk profiles [11] [12] [13] [14] [15] [16] [17] [18] .
Once-daily darunavir 800 mg, boosted by ritonavir or cobicistat and in combination with two nucleos(t)ide reverse transcriptase inhibitors, is recommended by the US Department of Health and Human Services (DHHS) as an initial antiretroviral treatment option in certain clinical situations [17] and is also recommended by the European AIDS Clinical Society (EACS) as an initial regimen [19] . Oncedaily darunavir 800 mg (boosted with ritonavir 100 mg) was approved for treatment-naive and treatment-experienced patients without darunavir resistance-associated mutations in 2009 (Europe; 2010 in the USA) [20] . Darunavir is also indicated for use in twice-daily dosing regimens in those patients with darunavir resistance-associated mutations. Twice-daily darunavir 600 mg (boosted with ritonavir 100 mg) was approved for treatment-experienced, HIV-1-infected patients, including patients with triple class experience, in 2006 (USA; 2007 in Europe).
There are limited data suggesting that darunavir use is associated with increased CVD risk, although a recent observational cohort study examined the association between CVD risk and use of the contemporary PIs darunavir and atazanavir [21, 22] , and a recent longitudinal cohort study evaluated CVD risk among 119 antiretroviral-naïve, HIV-1-infected individuals starting their first therapy [23] . In the current analyses, we evaluated the CVD risk associated with darunavir use and, in addition, examined the demographic and clinical characteristics of darunavir users in clinical trials and the real world. Assessments were based on Janssen-sponsored clinical trials, post-marketing pharmacovigilance databases, and US administrative claims databases.
Methods

CVD Events in Janssen-Sponsored Clinical Trials
These analyses were based on pooled data from 19 Janssen-sponsored, international, phase 2/3/4 studies of darunavir/ritonavir (summarized in Supplementary Table S1 ; see the electronic supplementary material) [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Patient baseline demographic and clinical characteristics, including specific risk factors for CVD, were determined for the pooled population. Medical Dictionary for Regulatory Activities (MedDRA) preferred terms corresponding to the medical concepts of CVD events (myocardial infarction, stroke, sudden death, and invasive cardiovascular procedures such as coronary artery angioplasty or bypass or carotid endarterectomy) were retrieved.
The incidence of CVD events per 1000 person-years of exposure to darunavir/ritonavir was assessed as 1000 times the number of patients with a CVD event divided by the total person-years of exposure by patients "at risk". Incidence rates overall and incidence rates over time in yearly exposure intervals for patients at risk in the pooled Janssensponsored clinical trial population were calculated for these CVD events. Results were also calculated by dosing regimen [once-daily darunavir/ritonavir 800/100 mg and twice-daily darunavir/ritonavir 600/100 mg (with a total daily dose of darunavir/ritonavir 1200/200 mg)], as this is an indicator of a specific target population in terms of HIV-1 and general disease characteristics. Descriptive statistics were used to calculate incidence rates and corresponding 95% confidence intervals (CIs) utilizing Poisson distribution. 
CVD Events in
Results
CVD Events in Janssen-Sponsored Clinical Trials
Baseline Characteristics
A total of 5713 patients were enrolled across 19 Janssensponsored clinical trials. Baseline characteristics are summarized (Table 1) . Overall, 3058 patients used twicedaily darunavir/ritonavir 600/100 mg, 1326 used oncedaily darunavir/ritonavir 800/100 mg, and 5713 used any darunavir/ritonavir dose (including doses other than twice-daily darunavir/ritonavir 600/100 mg and once-daily darunavir/ritonavir 800/100 mg). Among all patients (any darunavir dose), the median (range) age was 43 years and most were male (77%), Caucasian (49%), and had a body mass index of 18-26 kg/m 2 (69%). Evaluation of clinical characteristics showed that compared with patients who used once-daily darunavir/ritonavir 800/100 mg, those who used twice-daily darunavir/ritonavir 600/100 mg had a higher median (range) HIV-1 RNA viral load [3.74 (1.6-6.7) vs 4.7 (1.7-7.1) log 10 copies/mL, respectively] and a lower median (range) CD4+ cell count [347 (4-1888) vs 140 (1-1193) cells/mm 3 , respectively]. Other disease characteristics such as lipid levels, blood pressure, renal function, and presence of diabetes are shown in Table 1 . Together, these results indicate that patients who used twice-daily darunavir/ritonavir 600/100 mg tended to have more advanced HIV-1 disease and comorbidities than those who used once-daily darunavir/ritonavir 800/100 mg.
CVD Event Incidence Rates
The treatment duration across the 19 Janssen-sponsored clinical trials was up to 6 years (median 1.9 years; interquartile range 0.94-2.75 years; range 0-6.1 years). The incidence rate (95% CI) per 1000 person-years of CVD events in the overall pooled population (any darunavir dose) was 6.15 (2.91-11.89), and was lower for patients using once-daily darunavir/ritonavir 800/100 mg [0.71 (0.16-3.05)] versus twice-daily darunavir/ritonavir 600/100 mg [9.21 (4.94-16.04); Fig. 1 ]. CVD incidence rates did not increase with exposure to darunavir/ritonavir over increasing yearly intervals, and there were no CVD events in exposure intervals of more than 3 years ( Fig. 1) . Table 1 Baseline characteristics of patients enrolled in Janssen-sponsored clinical trials BMI body mass index, eGFR CG , estimated glomerular filtration rate calculated using the Cockcroft-Gault method, HDL-C high-density lipoprotein cholesterol, HIV-1 human immunodeficiency virus-1, IV intravenous, LDL-C low-density lipoprotein cholesterol, SE standard error *Includes doses other than twice-daily darunavir/ritonavir 600/100 mg and once-daily darunavir/ritonavir 800/100 mg a Percentages may not total 100% due to rounding Once-daily darunavir/ ritonavir 800/100 mg (n = 1326) Twice-daily darunavir/ ritonavir 600/100 mg (n = 3058) 
CVD Events in Post-Marketing Pharmacovigilance Databases
Trend analysis of post-marketing pharmacovigilance data showed that cumulative reporting rates of CVD events for darunavir users generally declined over time (Fig. 2) Once-daily darunavir/ritonavir 800/100 mg, n = 1326; twice-daily darunavir/ritonavir 600/100 mg, n = 3057; any darunavir/ritonavir dose, n = 5685 c Once-daily darunavir/ritonavir 800/100 mg, n = 1311; twice-daily darunavir/ritonavir 600/100 mg, n = 3055; any darunavir/ritonavir dose, n = 5650 d Once-daily darunavir/ritonavir 800/100 mg, n = 1325; twice-daily darunavir/ritonavir 600/100 mg, n = 3039; any darunavir/ritonavir dose, n = 5649 e Percentages calculated based on the total populations, which include patients categorized as having "missing data" for HIV mode of transmission. Patients with missing data were as follows: once-daily darunavir/ritonavir 800/100 mg, n = 415 (31%); twice-daily darunavir/ritonavir 600/100 mg, n = 331 (11%); any darunavir/ritonavir dose, n = 750 (13%) f Once-daily darunavir/ritonavir 800/100 mg, n = 1038 (total cholesterol), n = 795 (HDL-C), n = 791 (LDL-C), n = 1038 (triglycerides); twicedaily darunavir/ritonavir 600/100 mg, n = 3005 (total cholesterol), n = 2727 (HDL-C), n = 2524 (LDL-C), n = 3005 (triglycerides); any darunavir/ ritonavir dose, n = 5240 (total cholesterol), n = 4625 (HDL-C), n = 4192 (LDL-C), n = 5258 (triglycerides) g Once-daily darunavir/ritonavir 800/100 mg, n = 1326 (systolic and diastolic); twice-daily darunavir/ritonavir 600/100 mg, n = 3053 (systolic and diastolic); any darunavir/ritonavir dose, n = 5522 (systolic), n = 5521 (diastolic) h Once-daily darunavir/ritonavir 800/100 mg, n = 1051; twice-daily darunavir/ritonavir 600/100 mg, n = 3054; any darunavir/ritonavir dose: n = 5232 i Dyslipidemia defined as elevated total cholesterol [> 6. Fig. 1 Incidence rates of CVD events overall and over time in yearly exposure intervals for patients at risk using a once-daily darunavir/ ritonavir 800/100 mg, b twice-daily darunavir/ritonavir 600/100 mg, and c any darunavir/ritonavir dose. CI confidence interval, CVD cardiovascular disease. *Includes doses other than twice-daily darunavir/ ritonavir 600/100 mg and once-daily darunavir/ritonavir 800/100 mg 
Demographic and Clinical Characteristics of Darunavir Users in US Administrative Claims Databases
Across the MDCD, CCAE, and Optum databases, higher proportions of darunavir users were male (56, 82, and 83%, respectively) compared with the general HIV-1-infected population (55, 76, and 73%) and atazanavir users (49, 78, and 81%) ( Clinical variables that are known or are likely risk factors for CVD events were more prevalent among patients initiating darunavir versus those initiating atazanavir in the Optum database; the 13 conditions with a prevalence ratio (darunavir vs atazanavir) of ≥ 5 are shown in Table 4 . The conditions with the highest prevalence ratio were diabetes without complication (18.550), type 2 diabetes without complication (18.219), hyperglycemia (15.017), chronic heart failure (7.589), and chronic systolic heart failure (7.214).
Further, propensity score density plots were generated from the Optum and CCAE databases to show the treatment preference between darunavir and atazanavir (Fig. 3) . The plots indicate the probability of receiving darunavir or atazanavir based on a patient's clinical characteristics prior to receiving treatment. The area of overlap represents the patients in both groups who are similar with respect to clinical characteristics. Consistent results were observed in the Optum and CCAE databases, showing < 30% overlap between the two treatment groups and thus indicating that approximately 70% of patients treated with darunavir have no comparator in the atazanavir group with respect to comorbidities, drug exposures, procedures, and laboratory measures. 
Discussion
CVD is an important clinical concern for HIV-1-infected individuals because of the many factors linking these conditions; HIV-1 infection increases the risk of developing CVD, while some CVD risk factors are more common in HIV-1-infected patients relative to their peers [2] [3] [4] [5] . While antiretroviral therapy has been associated with decreased risk of CVD events, the connection is complex [9, 10] . Given the association between older PIs and CVD events [11] [12] [13] [14] [15] [16] [17] , we examined the relationship between darunavir and CVD events using multiple approaches and datasets. Analyses of pooled data from 19 Janssen-sponsored clinical trials did not indicate an increased risk of CVD events with exposure to darunavir/ritonavir over increasing yearly intervals (Fig. 1) . Notably, the CVD event incidence rate was lower for patients who used once-daily darunavir/ ritonavir 800/100 mg versus twice-daily darunavir/ritonavir 600/100 mg. The relatively higher CVD event rate for twice-daily darunavir/ritonavir 600/100 mg may reflect differences in the patient populations, as this dosing regimen was developed for treatment-experienced, HIV-1-infected patients with advanced disease who may be at high risk of experiencing a CVD event. This hypothesis is supported by an analysis of the baseline characteristics of these patients. Compared with patients who used once-daily darunavir/ ritonavir 800/100 mg, which included both treatment-experienced and treatment-naïve individuals, those who used twice-daily darunavir/ritonavir 600/100 mg had higher baseline HIV-1 RNA levels and lower CD4+ cell counts; moreover, higher percentages of patients who used twicedaily darunavir/ritonavir 600/100 mg were being treated at baseline for, or diagnosed with, elevated lipid levels, diabetes, and hypertension. In addition to the more advanced disease and comorbidities for patients who used twice-daily darunavir/ritonavir 600/100 mg versus once-daily darunavir/ ritonavir 800/100 mg, another possible factor leading to a higher CVD event rate with the twice-daily regimen is the higher ritonavir dose with the twice-daily versus once-daily regimen. As indicated in Table 2 , as a first-generation PI, ritonavir itself may contribute to increased cardiovascular risk.
In the second set of analyses, based on real-world data, a trend analysis of post-marketing pharmacovigilance data for darunavir users showed a decline in the cumulative reporting rate of cases with CVD events from June 23, 2006 to December 23, 2016 . Consistent with the pooled analysis of Janssen-sponsored clinical trials, higher CVD event reporting rates were observed during the period 2006-2009, when only twice-daily darunavir/ritonavir 600/100 mg was available, compared with the reporting rates for 2010-2016, when both twice-daily darunavir/ritonavir 600/100 mg and once-daily darunavir/ritonavir 800/100 mg were available. Overall, CVD event reporting rates with darunavir were significantly lower than the observed rates of CVD events in the general HIV-1-infected population [43, 44] . The data mining analysis of post-marketing pharmacovigilance databases [FAERS (2016 Q2) and VigiBase (2016 Q4)] exhibited disproportionality of CVD events mainly for first-generation PIs (e.g., indinavir, nelfinavir, ritonavir, saquinavir). Based on the results, there is no indication that use of darunavir is associated with increased reporting of CVD events over time.
The third set of analyses, an examination of baseline characteristics from three US claims databases, enabled assessment of the demographic and clinical characteristics of new users of darunavir or the contemporary PI atazanavir, as well as the general HIV-1-infected population, in the real world. These analyses demonstrated that HIV-1-infected patients who are prescribed darunavir tend to be sicker than the general HIV-1-infected population and those who are prescribed atazanavir, with more factors that could increase the risk of having a CVD event, including male gender, older age, and known CVD risk factors. The observed imbalance between populations suggests the possibility that patients with higher rates of comorbidities, and specifically cardiovascular conditions, may be channeled into darunavir treatment rather than other antiretroviral treatment. This scenario could occur if, for example, clinicians choose to treat more treatment-experienced patients or those who are medically more complex with darunavir, instead of alternative antiretroviral therapies. Darunavir was initially approved for use only in treatmentexperienced patients because of its high genetic barrier to resistance and it is often selected for individuals with uncertain adherence, who can be medically more complex than those who are highly adherent to treatment [17, 45] . These results underscore the importance of carefully accounting for baseline characteristics when comparing outcomes between treatment groups so that confounding is minimized.
There were limitations associated with these analyses. The Janssen-sponsored clinical trials had limited durations (of up to 6 years; median duration approximately 2 years), there were gaps in data availability, few of the studies included a control arm with other PIs (precluding comparison with a reference), and the patients enrolled in these studies may not be reflective of real-world populations. The potential effect of antiretroviral therapy itself on CVD risk was also not assessed (e.g., by comparing darunavir users with untreated naive patients) [23] . Notably, a randomized study powered to definitively evaluate the association between darunavir and CVD events over time in a time-to-event analysis has not been conducted. In addition, 8CVD risk data were not evaluated adjusting for age and gender, which are known to be associated with CVD risk [7, 8] . In the case of the post-marketing pharmacovigilance data mining analysis, the results cannot be used to confirm or refute a causal association between drug and event; rather, these results are a measure of statistical association and need to be placed in a medical context. Moreover, underreporting of post-marketing adverse drug reactions over time, a limitation seen with a passive or voluntary reporting system, could have affected the evaluation. Results of the epidemiological analyses were based on three US claims databases and, thus, may not be generalizable to a global population. Finally, the epidemiological analysis focused only on demographics and baseline clinical characteristics, as no outcomes were analyzed. Collectively, these limitations illustrate the challenge of determining the true risk of CVD events associated with use of darunavir (and antiretroviral agents in general) [21] [22] [23] . Despite these limitations, our findings are strengthened by the combination of analyses, and taken together they offer important insights into the relationship between darunavir and CVD.
Conclusion
Overall, this comprehensive review of clinical, post-marketing, and epidemiological data does not suggest that CVD should be considered an important risk for patients who use darunavir.
